The ovarian hormone progesterone is essential for normal breast development and function. However, it is also implicated in breast cancer development. Progesterone signals through two nuclear receptors [progesterone receptor A (PRA) and progesterone receptor B (PRB)], which display striking differences in transcriptional activity when analyzed separately. The two species are coexpressed equally in normal breast, but expression becomes markedly disrupted in breast cancer, where a predominance of PRA is common. To determine the impact on PR transcriptional activity of the shift from coexpression of PRA and PRB, observed in normal cells, to predominance of PRA, common in cancers, we modeled these changes in PR expression patterns using an inducible model of PRA predominance. At short treatment times progestin regulation was directed toward transcriptional modulators, whereas longer exposure more frequently targeted genes associated with regulation of cell shape, adhesion, and metabolism, and a number of these targets acquired responsiveness only when PRA predominance was achieved. Consistent with this, overexpression of PRA altered progestin effects on cell-substrate attachment and focal adhesion signaling. Our data suggest that disrupted balance of PRA and PRB remodels progestin responsiveness and that altered regulation of morphology and adhesion are important components of altered progestin response in breast cancer. (Molecular Endocrinology 19: 2713-2735, 2005)
T HE STEROID HORMONE progesterone is a vital regulator of normal female reproductive development and function. In the human, progesterone has diverse physiological effects, playing a role in endometrial decidualization, ovulation, and the development of lobular alveolar structures of the mammary gland during the female cycle and pregnancy (1) . It exerts its primary effects through two nuclear receptors [progesterone receptor A (PRA) and progesterone receptor B (PRB)], which are encoded by a single gene, under the regulation of two distinct promoters (2) . The two receptor proteins are identical except that PRB contains an additional 164 amino acids at its N-terminal end that are absent from PRA.
There is evidence from in vitro transcriptional studies and from transgenic and knock-out animal models that PRA and PRB are functionally different. In transient transfections PRB is generally a much stronger transcriptional activator than PRA, whereas PRA can act as a dominant inhibitor of PRB, and of other nuclear receptors including the estrogen receptor and glucocorticoid, androgen, and mineralocorticoid receptors (3) (4) (5) (6) (7) . This has led to the postulate that the unique 164 amino acids contained in PRB encode an additional activation function, which serves to enhance the transcriptional activity of PRB and to mask an adjacent inhibitory function (8, 9) . Marked functional differences are also seen between the two receptors when they are stably introduced individually into cells. When progestin regulation in breast cancer cells that constitutively express only PRA or PRB is examined on gene arrays, a remarkably nonoverlapping profile of gene regulation is observed (10) . Furthermore, these data support the previous findings that PRB is the more transcriptionally active receptor of the two.
Ablation of PRA or PRB in mice supports the view, derived from in vitro studies, that each isoform has distinct roles. In PRA-null mice that endogenously express only PRB, mammary gland development is apparently normal, whereas null mice lacking PRB exhibit reduced mammary gland development, demonstrating the importance of PRB rather than PRA in the mammary gland in mice (11) . In contrast, loss of PRA expression in the uterus leads to marked hyperplasia in response to hormone stimulation, demonstrating the proliferative role of PRB alone and the importance of PRA in opposing the proliferative effects mediated by PRB and estrogen receptor in the uterus (12) .
As indicated above, much of our current understanding of the distinct functions of PRA and PRB derives from models in which only a single PR isoform is expressed. However, the dynamics of progestin response are likely to be more complex in a tissue that coexpresses both PR isoforms in the same cell. PRA and PRB can act both as homodimers and as a heterodimer, and these are likely to be functionally different, because PRA is known to inhibit the activity of PRB. Whereas in mouse tissues, PRA and PRB can be expressed in different cells (13) , consistent with the divergent and tissue-specific roles identified for these proteins in the knockout studies, in normal human physiology, cells that express only one PR isoform are uncommon. Both PRA and PRB are coexpressed at equivalent levels in the same cell in normal human epithelial cells (1, 14, 15) , and the coexpression and colocation of PRA and PRB in epithelial cells in normal tissues suggest that both PR isoforms are required to mediate the effects of progesterone in the human.
The balanced expression of PRA and PRB in normal human tissues is often disrupted in breast cancer, resulting in a predominance of one form (15, 16) . It is not common to see exclusive expression of either PRA or PRB in breast tumors, but rather a marked overexpression of one receptor form (most often PRA) predominating over low expression of the other (15, 16) . In endometrial cancers, disrupted PR isoform expression is correlated with poor clinical grade (17) . Furthermore, breast cancer patients with node-positive disease and a primary tumor containing more PRA than PRB are likely to respond to endocrine therapy more poorly than those with a higher expression of PRB (18) . In contrast, a predominance of PRB may indicate poorer outcome with chemotherapy (Mote, P. A., A. Gompel, A. Lavaur, Y. Decroix, D. Hugol, and C. L. Clarke, submitted). These observations suggest that loss of equivalent expression of PR isoforms may be associated with the altered biology that is a feature of malignancy in the breast and endometrium and may contribute to poorer prognosis. Disrupted expression of PRA and PRB also occurs in normal breast of women with a high risk of breast cancer. Women at high risk of developing breast cancer due to germline mutations in BRCA1 or BRCA2 commonly lack PRB expression, resulting in PRA predominance (19) , and this suggests that altered PR signaling may occur in these tissues.
There is evidence that altered balance of PRA and PRB leads to altered biology in tissues expressing both isoforms. In transgenic mice that overexpress PRA in the mammary gland, extensive mammary epithelial hyperplasia, increased ductal side branching, and disruption of the basement membrane are seen (20) . In contrast, overexpression of PRB in the same model system leads to marked inhibition of ductal elongation and decreased lobular alveolar development (21) . These data suggest that a normal balance of expression of both receptors in the appropriate cell type is important for normal mammary gland development. In cell lines, altered balance of PRA and PRB also leads to altered biology. When PRA is inducibly overexpressed in PR-positive T-47D breast cancer cells that previously expressed similar levels of PRA and PRB, alterations in the regulation of endogenous target genes are observed that are both gene specific and dependent on the degree of PRA overexpression (22) . Overexpression of PRA in these cells also results in striking morphological changes, not seen in cells with balanced PRA and PRB levels (23) .
The striking functional differences in the activities of PRA and PRB, and the altered biology that results from altering their balance, suggest that the relative levels of expression of PRA and PRB in cells that contain both receptors may be an important determinant of transcriptional response to progestins. Moreover, the disrupted expression of PRA and PRB in cancer, frequently resulting in PRA predominance, and its association with poorer prognosis, provide a compelling rationale for delineating the functional consequences of such altered PRA and PRB expression. The transcriptional consequences of PRA predominance in cells normally containing similar levels of PRA and PRB are unknown and have been explored in PR-positive T-47D breast cancer cells in which PRA can be induced to result in PRA predominance. Transcriptional outcomes have been determined after altering the PRA:PRB ratio 5-fold, mimicking the range of PRA:PRB ratios observed in normal breast epithelial cells and in breast cancers. This study represents the first analysis that models the aberrant expression patterns of PRA and PRB seen in clinical breast cancer, to determine the consequences for hormone response of PRA predominance.
RESULTS

Progestin Effects in Cells Containing Both PRA and PRB
Progestin regulation of gene expression was examined in a stable, inducible model of PRA overexpression (22) . In this model PRA is inducibly overexpressed in the PR-positive T-47D breast cancer cell line. Several inducible T-47D clones exist, and the three cell lines used were selected to represent a range of PRA and PRB levels and of PRA:PRB ratios (Fig. 1A) . PRA: PRB ratios ranged from approximately equimolar (1.3:1) in the uninduced T-47DE3 line (Fig. 1A) to 5.1:1 in the induced T-47DN5 cells (Fig. 1A) . The T-47DB8 cell line expressed higher basal levels of both PR forms, resulting in a 2-fold greater total PR level in uninduced cells than in T-47DE3 or T-47DN5 cells. The basal PRA:PRB ratio of 2.1 to 1 in these cells was increased to 4.8:1 with induction of PRA (Fig. 1A) . This range of expression levels and ratios of PRA:PRB are comparable to the expression of PR isoforms detected by immunoblot analysis in primary breast tumors (16) .
Transcriptional regulation by progestins was characterized in each of the T-47D clones, using cDNA microarrays. The effect of 6 h progestin exposure was first compared in the three lines, as it was reasoned that at this time a high proportion of the regulated genes should represent direct transcriptional targets. Seventy to 80% of the 5704 genes represented on the arrays were detectable in the T-47D clones after data filtering and normalization (Table 1) . Exposure to the progestin ORG2058 (10 nM) for 6 h resulted in altered expression of 1-2% of expressed genes in the three T-47D clones (mean 1.8%, Table 1 ). This was in line with other reports of progestin response in related T-47D cell lines (10, 24) . When PRA protein expression was induced in each of the stable cell lines, the mean number of progestin-regulated genes was mildly reduced overall (mean number of progestin-regulated genes 1.5%, Table 1 ), but this difference was not significant.
There was a high degree of overlap of progestin regulation between the three T-47D clones. In total, 133 genes were regulated 2-fold or more in at least one of the three T-47D cell lines. Their identity and fold regulation in uninduced cells are listed in Table 2 . A number of the genes represented known targets of progestin action and served to validate the present observations. These included the PR chaperone FKBP54 (25), SRY-related transcription factor SOX4 (26) , and Kruppel-like factor (KLF)4 (10). In addition, nine genes that were found, on microarrays, to be regulated by progestins at 6 h were selected for validation by quantitative real-time RT-PCR. All nine genes were confirmed as progestin targets in the T-47DN5 cell line, and their quantified fold regulation by progestins is noted in Table 2 . Of the 133 regulated genes listed in Table 2 , 31 (23%) (indicated by footnote symbol b) were regulated in all three T-47D cell lines in the absence of PRA overexpression. In addition, 41 genes (31%, Table 2 , indicated by footnote symbol d) were regulated in at least two of the three lines, and a further 25 genes (19%, Table 2 , indicated by footnote symbol c) that were regulated 2-fold in one cell line were regulated in the same way at least 1.5-fold in the other two T-47D cell lines in the absence of PRA overexpression. In summary, the similarity of progestin regulation of 73% of the genes over three cell lines suggested that there was a high degree of concordance of early progestin regulation in PR-positive cells irrespective of their basal PRA and PRB expression, T-47DE3, T-47DB8, and T-47DN5 cells were grown as described in Materials and Methods. Cells were treated for 24 h with 10 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) or vehicle, to induce PRA overexpression and then with ORG2058 or vehicle for the indicated time. A, Whole-cell lysates (25g/lane) were fractionated on a 7.5% acrylamide denaturing gel, and PR proteins were detected by immunoblotting. Basal and IPTG-induced expression of PRA and PRB was estimated by densitometry. PRA is represented by open bars and solid bars represent PRB. AU, Arbitrary densitometric units. B, Transcriptional regulation by 6 h progestin treatment was compared, in the three T-47D clones, with PRA:PRB ratio. C, Correlation between 6 h progestin regulation and total PR level. Numbers represent number of regulated genes. D, Cluster analysis of 6 h progestin-regulated genes. Up-regulated transcripts are represented in red, and down-regulation is in green, with brightness of intensity proportional to degree of fold change. and despite PRA:PRB expression ratios ranging from 1.3-2.1 in the three uninduced cell lines (Fig. 1A ).
Global Pattern of Early Progestin Regulation Is Unaffected by Altering PRA:PRB Ratio
To determine whether progressive increases in PRA: PRB ratio altered progestin-regulated gene expression at 6 h, the pattern of regulation of the set of 133 progestin-responsive genes was compared with PRA: PRB ratio, total PR level, or individual PRA or PRB levels ( Fig. 1 , B and C, and data not shown). There was no overall effect of increasing PRA:PRB ratio (Fig. 1B) or PRA, PRB, or total PR level ( Fig. 1C and data not shown) on mean or median fold up-or down-regulation of this gene set. PR levels and PRA:PRB ratio were compared, as fixed effects in a linear mixed effects model, against log 2 fold regulation. In each case the mean line of fit for both up-and downregulated genes had a slope close to zero (data not shown) suggesting no influence by altered PR expression. This was confirmed when the identified set of 133 genes that were regulated by progestins at 6 h were compared across arrays by hierarchical cluster analysis (Fig. 1D ). The data set can be dichotomized on the basis of PRA:PRB ratio or PR levels. Clustering on genes and arrays was more likely to reflect grouping of PR levels than PRA:PRB ratio (Fig. 1D) , and progestin regulation was correlated across the data set as a whole (R 2 ϭ 0.773), suggesting that progestin regulation at early time points was not overall dependent on PRA:PRB ratio. We concluded that although total PR expression influenced early response to progestin, no profound effect of altering PRA:PRB ratio was seen on the overall profile of affected genes.
Effect of Altering PRA:PRB Ratio on Early Progestin Regulation of Specific Gene Expression
Given that no global influence of progressively increasing PRA:PRB ratio was seen on early progestin response, we next asked whether a marked increase in PRA:PRB ratio resulted in altered regulation of just a subset of key progestin target genes. Fold regulation of gene expression was compared between cells with the lowest PRA:PRB ratio (T-47DE3 cells: PRA:PRB ratio 1.3:1) and those with the highest (T-47DN5 cells, after PRA induction: PRA:PRB ratio 5.1:1) by linear regression analysis ( Fig. 2A) . Progestin regulation in the two data sets was concordant. Although a number of genes fell outside the 95% confidence intervals ( Fig.  2A) , these represented genes that were regulated, although to different levels, in both cell lines, and few were regulated in one cell line and not the other. A total of 113 genes were progestin regulated, and 105 (105/ 113, 93%) of these were contained in the 133-gene set . In summary, a marked 4-to 5-fold increase in PRA:PRB ratio had little impact on progestin-regulated gene expression, showing that early transcriptional targets of PR were not sensitive either to progressive (Fig. 1) or to dramatic (Fig. 2 ) alterations in PRA:PRB.
Genes Regulated by Progestins at 48 h in T-47D Cells Containing Both PRA and PRB
The finding that early profiles of transcriptional regulation were essentially indistinct between cells expressing PRA and PRB at broadly different levels and ratios suggested that, in cells endogenously expressing both receptors, the transcriptional differences between PRA and PRB may be reflected as divergent patterns of regulation after longer progestin exposure. Therefore, progestin regulation at 6 h and 48 h was compared in a single cell line (T-47DN5) with or without induction of PRA (Fig. 2, B and C) . This cell line was selected because it produced the greatest difference in relative PRA and PRB expression before and after PRA induction (Fig. 1A) . Furthermore, the overall expression of PRA and PRB in these cells, with and without PRA induction, fell within the range of expression levels in the three cell lines. When transcriptional regulation at 6 h of progestin treatment was compared by regression analysis, 77 progestin-regulated genes were identified, and there was a high level of concordance in fold regulation between T-47DN5 with low and high PRA expression (Fig. 2B ), in agreement with the comparison between the two different cell lines shown in Fig. 2A . In contrast, when transcriptional profiles were compared at 48 h of progestin treatment, more genes were progestin regulated at this time overall, and many more genes were identified by regression analysis as differentially regulated (Fig. 2C ). In total, 601 genes were regulated 2-fold or more by 48 h of progestin treatment in cells with low PRA:PRB ratio, high PRA:PRB ratio, or both, compared with just 77 in T-47DN5 cells treated for 6 h. As was seen after 6 h exposure to progestin, at 48 h there was no significant difference in the number of regulated genes or the median fold up-or down-regulation with low or high PRA:PRB ratio (median 2.5-fold down and 2.85-fold up with low PRA:PRB compared with 2.5-fold down and 2.55-fold up with high PRA:PRB; data not shown), suggesting that there was not an overall effect on progestin response of increasing PRA expression. There were 519 genes that were regulated at 48 h in T-47DN5 with low or high PRA:PRB or both, which were not significantly different. However, a small subgroup of genes was identified that were differentially regulated in cells with low or high PRA:PRB (Fig. 2D) . 
Genes with Altered Responsiveness to Progestins with High PRA:PRB Ratio
When PRA:PRB was high, the overall ability of progestin to regulate gene expression was not markedly altered, as outlined above. However, there was a small proportion (82/601; 14%) of all progestin-regulated genes that were either switched on or off when PRA: PRB ratio was high at 48 h, or were regulated in the opposite direction in the two conditions (Table 3) . Fifty-four genes (54/82, 66% of these genes) acquired responsiveness to progestins when the PRA:PRB ratio was high, as they were not progestin regulated in cells with low PRA:PRB ratio ( Fig. 2D and Table 3 ). These genes therefore acquired responsiveness to progestins only when PRA:PRB ratio was high. There were 28 genes (28/82, 34%) that were progestin regulated in cells with a low PRA:PRB ratio but which lost regulation when the PRA:PRB ratio was high ( Fig. 2D and Table 3 ). The genes of known function within the group of 82 differentially regulated genes are shown in Fig. 3 .
The 82 differentially regulated genes identified after 48 h of progestin treatment were not regulated at 6 h in most cases, and it was noteworthy that only 6/82 (7%) genes were identified as progestin-regulated at the early time point. Vinculin, CKAP4, and PIM2 were increased by progestin treatment at 6 h, but that effect was transient, and the augmented transcript levels were not maintained to 48 h in cells with low PRA:PRB ratio (Fig. 3 ). In cells with high PRA:PRB ratio, transcript levels were maintained, indicating that these genes had a prolonged responsiveness to progestin treatment only when PRA:PRB was high. Conversely, CITED2, EPAS1, and AZGP1 were progestin regulated both at 6 h and 48 h in cells with low PRA:PRB ratio, but in cells with high PRA:PRB ratio transcript levels were low (Fig. 3) , indicating that progestin responsiveness had been lost when PRA:PRB was high. The remaining 76/82 (93%) were not progestin regulated at 6 h with low PRA:PRB ratio.
The 82 genes that acquired completely different responsiveness to progestins in cells with a high PRA: PRB ratio were primarily involved in cellular metabolism and regulation of cell shape and adhesion (Table  3) , and this is strikingly illustrated in Fig. 3 . Furthermore, in these functional groups, it was more common for progestin responsiveness to be acquired, than lost, as genes in these functional groups that were not progestin-regulated in cells with low PRA:PRB ratios commonly acquired the ability to be progestin regulated in cells with high PRA:PRB ratios. Of the 54 genes that acquired responsiveness to progestins with high PRA:PRB ratio, 37 of these (37/54; 69%) were genes involved in cellular metabolism and regulation of cell shape and adhesion.
These data suggested that high PRA:PRB ratios were associated with the acquisition of progestin responsiveness in specific functional groups of genes, notably metabolism and cell shape/adhesion. The acquisition of responsiveness may result from changed predominance of the PRA:PRB heterodimer, in cells expressing similar levels of PRA:PRB, to predominance of the PRA homodimer in cells with high PRA: PRB ratios. The shift in functional groups regulated by progestins between 6 h and 48 h, toward genes involved in cell shape maintenance and metabolism, is in line with previous demonstrations that progestins can regulate many aspects of differentiated cell function (1). Moreover, the enhancement of this shift in cells with high PRA:PRB ratios is also consistent with our previous data that cells with high PRA:PRB ratios have altered progestin regulation of the actin cytoskeleton (23) .
The differential regulation observed on microarrays was validated by semiquantitative and real-time RT-PCR analysis. Gene expression was estimated in arbitrary units, either by quantitation from agarose gels or using SYBR green real-time detection, and normalized to transcript levels for the nonregulated ␤2-microglobulin gene. The relative difference between transcript levels when measured by RT-PCR methods overall confirmed what had been seen by array analysis. When the log 2 fold data were compared in the same regression analysis as the array results, 13 of 17 genes selected for validation were classified as differentially regulated. The normalized fold regulation, determined by semiquantitative and real-time RT-PCR, of all 17 targets is noted in supplemental Table 1 , published as supplemental data on The Endocrine Society's Journals Online web site at http://mend.endojournals.org. Furthermore, when the PCR products were visualized electrophoretically, the differences in transcriptional regulation were striking (see Fig. 4 ). The oncogene Pim-2, ribosomal protein S6 kinase, LMO2, and Rho E were increased only in cells with high PRA:PRB ratio, and this was confirmed by semiquantitative RT-PCR (Fig. 4) . Expression of calcium binding protein S100A8, and of the n-myc downstream-regulated gene NDRG1, was affected by progestin treatment in cells with both low and high PRA:PRB ratios but was much more strongly regulated in one condition than the other, and this was also confirmed by RT-PCR (Fig. 4) .
Profiles of Early and Late Progestin Regulation Are Functionally Distinct
In addition to the distinct functional grouping of genes that were differentially regulated with high and low PRA:PRB ratio, there was an overall shift between early and late functional profiles. When the functions of the 601 genes that were regulated at 48 h were compared with the 77 genes regulated in T-47DN5 at 6 h progestin exposure, two features were noted. First, at 6 h the predominant regulated group was that involved with transcriptional regulation, by contrast with the significantly increased numbers of genes in each functional category regulated at 48 h (Fig. 3C) . Second, there was a marked shift in the major functional groups regulated by progestins (Fig. 3D) . At 6 h of progestin treatment, 45% of regulated genes represented genes involved in regulation of transcription. The number of genes in this functional group far exceeded any other group of targets. At 48 h progestin exposure, whereas more genes were regulated in each group overall, the number of transcriptional regulators that were altered by progestins was proportionally decreased, with 20% involved in transcriptional regulation. In contrast, genes involved in maintenance of cell shape and metabolic functions increased at 48 h. At 6 h these groups represented, respectively, 14% and 12% of total regulated genes. At 48 h this was increased such that 21% of regulated genes were involved in maintenance of cell shape, adhesion, and membrane function and 26% were involved in metabolic processes (Fig. 3D) . Taken together, the proportion of genes involved in transcriptional regulation and cell cycle regulation decreased (55% down to 37%), with a corresponding increase in genes involved in maintenance of cell shape and metabolic functions (26% increased to 47%) when progestin regulation at 6 h and 48 h were compared. This suggested that prolonged progestin exposure for 48 h resulted in a relative shift toward cellular processes involved in basic functioning and homeostasis. The shift toward genes involved in cell shape maintenance and metabolic processes was particularly marked in the subgroup of genes that were differentially regulated as a result of PRA predominance at 48 h. In this group 64% of the genes were involved in regulation of cell shape and metabolism, compared with 19% involved in transcriptional and cell cycle-regulatory processes (Fig. 3D) .
PRA Is Not a Dominant Inhibitor of Endogenous Progestin Targets
The observation that marked alterations in the relative expression of PRA and PRB had almost no effect on early progestin signaling and only modest effects on downstream targets was surprising. The transcrip- tional differences between the two isoforms in vitro are well documented. Furthermore, when progestin regulation is compared between T-47D cells that stably express only PRA or PRB, a remarkably small overlap in gene regulation is seen (10) . In particular, PRA has been shown to be less transcriptionally active than PRB and to dominantly inhibit transcriptional regulation by PRB (3, 27) . This would predict that overexpression of PRA in cells containing both isoforms would result in diminished numbers of significantly regulated genes when compared with uninduced cells. To determine whether this was true, the frequency distribution of gene regulation was compared, at 48 h (Fig. 5) and at 6 h (data not shown) of progestin treat- Open bars represent progestin regulation with low PRA:PRB, solid bars represent regulation when PRA:PRB is high. Only regulated transcripts for known genes were shown. In addition, progestin regulation of nine uncharacterized transcripts was switched on by overexpression of PRA, and four were switched off. *, Increased by progestin at 6 h, returned to baseline at 48 h; §, increased by progestin at 6 h and 48 h, returned to baseline when PRA:PRB was high. C and D, Genes regulated at 6 and 48 h after progestin treatment are broken into broad functional categories. White bars, Transcriptional regulators; black bars, cell cycle regulation/survival; light gray bars, regulators of cell shape, adhesion, and membrane-associated functions; midgray bars, metabolic regulation and enzyme activity; dark gray bars, genes of unknown function. Gene names appearing in this figure have been expanded in Table 3. ment, in T-47DN5 cells with and without PRA induction. As can be seen in Fig. 5 , the histograms are virtually overlapping. If PRA were to act as an inhibitor of PRB transcriptional activity, a decrease in the number of significantly regulated genes would be expected with increased PRA:PRB ratio. In fact, the proportion of regulated genes in cells with high compared with low PRA:PRB ratio was almost identical, leading to a mean difference in relative frequency of Ϫ0.005% in gene regulation categories higher than 2-fold (see Fig.  5 , insets).
Progestins Decrease Adhesion in a PRADependent Manner
In view of the high proportion of cell shape-and adhesion-related transcripts that were differentially regulated at 48 h progestin exposure, we examined the effect this may have on cell adhesion in monolayer culture. Progestins had a profound effect on the ability of the cells to readhere, and this effect was more marked in cells with high PRA:PRB ratio (Fig. 6A) . After 120 min, progestin-treated cells had statistically sig- nificantly impaired adhesion, both with low (35% adherent with progestin vs. 73% of controls; P ϭ 0.00009 by Student's t test) and high (25% adherent with progestin vs. 85% of controls; P ϭ 0.0001 by Student's t test) PRA:PRB ratio (Fig. 6A) . However, in cells where PRA was present in excess over PRB, the inhibition of adhesion was significantly greater than it was in cells with low PRA:PRB ratio (P ϭ 0.01; Student's t test). This effect on cell adhesion was only seen after sustained exposure to progestins. Cells that had been treated for only 1 h with progestins before detachment and replating readhered to the substratum at the same rate as vehicle-treated controls (data not shown). The demonstrated differences in adhesion support the view that high PRA:PRB ratios are particularly associated with impaired adhesion.
Progestins Decrease Focal Adhesions
To investigate whether decreased adhesion was associated with regulation of focal adhesions, we visualized the focal adhesion protein paxillin and filamentous actin in T-47DN5 cells. Dual fluorescent staining of paxillin and filamentous actin in T-47DN5 cells with either low or high PRA:PRB ratio revealed abundant mature focal adhesions underlying many cells (Fig. 6B,  i and v) , which were linked to networks of filamentous actin bundles (Fig. 6B , compare i with ii and v with vi). Smaller focal contacts were also seen at the outer periphery of some cells. Treatment for 48 h with ORG2058 abolished actin fibers in cells with low PRA: PRB ratio (Fig. 6B, iv) and this was correlated with a loss of paxillin-positive focal adhesions from the ventral surface of the cells (Fig. 6B, iii) . In contrast, paxillin staining of small focal contacts was maintained at the cortical edge of cells (Fig. 6B, iii, inset) . Interestingly, the same loss of paxillin-positive focal staining and maintenance of small cortical adhesions was also seen in cells with high PRA:PRB ratio (Fig. 6B, vii) . However, the progestin effect on actin filaments was more dramatic when PRA was predominant, with filamentous actin bundles being abolished by progestin treatment and replaced with cytoplasmic polymerized actin pools (Fig. 6B, viii, arrows) , suggesting that actin fibers were not depolymerized to their actin monomer parts in cells with high PRA:PRB ratio.
Progestins Cause Cytoplasmic Pooling of Polymerized Actin in a PRA-Dependent Manner
The cytoskeleton signaling protein ezrin forms foci at the cytoplasmic side of the cell membrane at points of contact to actin fibers and is involved in fiber attachment to the membrane. We previously demonstrated that progestin treatment caused a redistribution of ezrin protein away from membrane foci and, in cells in which PRA was predominant, resulted in the aberrant accumulation of bright staining pools of ezrin in the cell cytoplasm (23) . To determine whether the cytoplasmic polymerized actin pools were associated with pools of ezrin, we costained for ezrin and polymerized actin in progestin-treated cells with low or high PRA:PRB ratio (Fig. 6C) . Actin microfilament staining colocalized with ezrin staining at the cell periphery (Fig. 6C, i and ii), and this was abolished by progestin treatment (Fig. 6C, iii  and iv) . Polymerized actin accumulated into cytoplasmic pools, after progestin treatment, in cells with high PRA:PRB ratio (Fig. 6C, vii) , and pooled actin was colocalized with ezrin pools in the dual stained cells (Fig. 6C, viii, arrows) . The colocalization of ezrin and polymerized actin in the cytoplasm was confirmed by confocal microscopy (data not shown). The decreased adhesion, focal contacts, and actin filaments support the view that the cell cytoskeleton becomes sensitive to progestin regulation upon prolonged exposure. These findings suggest also that regulation by progestins is altered in cells that have an imbalance of PRA and PRB, leading to aberrant actin depolymerization and disrupted dissociation from membrane adhesion and signaling proteins.
Progestins Increase Focal Adhesion-Mediated Signaling
The actin microfilament remodeling and loss of paxillin-positive focal adhesions from the ventral surface of the cells, coupled with the inhibition of cell adhesion, suggested that progestins were altering focal adhesion signaling. Focal adhesion kinase (FAK) is a key signaling intermediate regulating focal adhesion turnover (28) . Autophosphorylation of FAK on tyrosine 397 causes activation, and subsequent binding of activated Src and tyrosine phosphorylation at amino acids 576 and 577 results in maximal FAK activation (29, 30) . This activation is required for the disassembly of mature focal adhesions (31) and, furthermore, disruption of FAK expression or activation is correlated with increased size and number of focal adhesions (28) . Therefore, the phenotype of progestin-treated cells suggested that FAK activity may be increased, and expression and activation of FAK were examined in wild-type and PRA overexpressing T-47DN5 cells after 48 and 72 h progestin treatment (Fig. 7) . Progestins caused an increase in the active, autophosphorylated form of FAK (FAK-pY397) at 72 h in cells with low PRA:PRB ratio (Fig. 7A) . The increase in autophosphorylated FAK was less marked in cells with high PRA: PRB ratio ( Fig. 7A; ORGϩIPTG) . No change in the expression of total FAK protein was seen. FAK activation through phosphorylation of the Src kinase-dependent pY576/577 sites of FAK was seen in cells with low PRA:PRB ratio and again, this was attenuated in cells with high PRA:PRB ratio (Fig. 7B) . This shows that progestins augment focal adhesion signaling, consistent with the remodeling of focal contacts, but that cells with high PRA:PRB ratio are likely to have reduced signaling by comparison with cells with low PRA:PRB ratio.
Interestingly, no FAK activation was detectable, by immunoblot, after 48 h progestin exposure, suggesting that remodeling of focal adhesions is detectable before measurable levels of activated FAK are seen. Staining cells for FAK-pY397 confirmed this. Brightly staining foci containing activated FAK were seen in both 48-h and 72-h progestin-treated cells and in untreated cells (Fig. 7C) . This was unaffected by the level of PRA. At 72 h progestin treatment, activated FAK foci appeared more abundant than in time-matched controls (Fig. 7C) . Costaining for paxillin revealed that, where present, paxillin-positive foci were colocalized with activated FAK (not shown). Activated FAK immunoreactivity was also detected in the nuclei of all cells as previously described (32, 33) , and this was unaffected by progestin treatment or PRA level. The decrease in paxillin staining and detection of activated FAK at focal adhesion sites confirmed that focal adhesion turnover was increased by progestins both in wild-type and in PRA-overexpressing cells. However, the diminished level of FAK activation, detected on immunoblots when PRA was overexpressed, suggests that FAK signaling is dampened in these cells, potentially leading to the further reduction in cell adhesion observed in cells with high PRA:PRB ratio. T-47DN5 cells were treated for 24 h with 10 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) or vehicle, to induce PRA, and then for 48 or 72 h with ORG2058 or vehicle, as indicated. Whole-cell lysates were fractionated on a 7.5% acrylamide denaturing gel, and total and activated (pY397 and pY576/577) FAK were detected by immunoblotting. Relative expression of total and phosphorylated FAK bands was estimated by densitometry, and activated FAK levels are graphed relative to controls, normalized to total FAK. A, Activation of FAK on autophosphorylation site pY397. B, Levels of Src-dependent activation on pY576/577. C, Cells grown on coverslips, and treated as described above, were fixed and stained for FAK-pY397. C, Control; ORG, ORG2058
DISCUSSION
This study has examined PR-mediated gene expression in cells with physiologically relevant expression of PRA and PRB. Progestin-regulated gene expression was characterized in cells with similar levels of PRA and PRB and in the same cells after PRA was induced to become the predominant species, thereby modeling the relative levels of PRA and PRB observed in normal human breast and in breast cancers (15, 16) . This report is the first to determine global progestin-mediated transcriptional changes due to the disruption of relative PRA and PRB expression in individual inducible clonal breast cancer cell lines, containing both receptor isoforms. Previous studies on PR-mediated gene expression have used distinct cell lines, expressing just one PR isoform, PRA or PRB, alone (10, 34) . The relevance of this model to understanding PR action in breast cancer is highlighted by the fact that, although relative PRA and PRB expression is commonly disrupted to result in PRA predominance (15) , both receptor isoforms are generally detected in most breast cancers and transcriptional (3, 4) and clinical studies (Ref. 18 and Mote, P. A., A. Gompel, A. Lavaur, Y. Decroix, D. Hugol, and C. L. Clarke, submitted) suggest that PRA:PRB ratio is likely to be as important a determinant of progestin response as total PR level.
After short exposure to progestin, transcriptional profiles were largely unaffected by marked alterations in relative expression of PRA and PRB. However, after longer exposure to the hormone, a different repertoire of genes was regulated, and PRA predominance conferred progestin responsiveness to a distinct subset of transcriptional targets. It should be noted that, although alterations in PRA:PRB ratio did not markedly change progestin response at early times, this did not reflect an overall lack of regulation of early targets. Progesterone is a critical regulator of a diverse range of cellular functions, and this was reflected in a significant transcriptional response on a large spectrum of gene targets at 6 h. Genes involved in transcriptional regulation and cytoplasmic signaling pathways dominated the progestin targets at 6 h, consistent with published evidence that the PR proteins mediate early effects on downstream pathways. KLF4, SOX4, vitamin D receptor, and Wilms' tumor suppressor 1 (WT1), are all known targets of progesterone and were regulated at 6 h in this study. WT1, which is up-regulated by progesterone in endometrial cells (35, 36) , was down-regulated in T-47D cells. This is consistent with the finding that WT1 controls progestin-mediated lobular development in the normal mammary gland and is often down-regulated in breast cancers (37, 38) . Cross-talk between PR-mediated progestin regulation and growth factor-and cytokine-signaling pathways has been demonstrated in breast cancer cells both by up-regulation of growth factor receptor levels (39) (40) (41) (42) and by direct interactions with cytoplasmic signaling molecules (43, 44) . Furthermore, progestins markedly potentiate epidermal growth factor signaling in this context (42) . The effect of progestin on signaling pathways in cells equivalently expressing both PRA and PRB is largely unexplored. Most of these pathways have been elucidated by transfection only of PRB and, where examined, PRB but not PRA interacted with cytoplasmic signaling pathways, suggesting that this form of progestin regulation may be affected by changes in PRA:PRB ratio. However, altering relative PRA and PRB expression had little impact on progestin-regulated gene expression at 6 h, suggesting that although these signaling intermediates may ultimately control PR isoform-specific processes, their own transcriptional regulation, and regulation of early progestin targets in general, is unaffected by shifts in PRA:PRB ratio. Although 50 of 133 genes that were regulated by progestins at 6 h were involved in transcriptional regulation, the progestin regulation of just one of these (P2RY6) was affected by overexpression of PRA. Upregulation of P2RY6 was enhanced by increasing PRA:PRB.
The stark differences between PRA and PRB activity on target reporters and the dominant inhibitory activity of PRA, demonstrated in transfection studies (3, 4, 27, 45) , suggested that striking differences may be seen by altering relative expression of the two receptors in the same cell. Therefore it was surprising to find that the profiles of progestin regulation at 6 h in the three inducible cell line clones were remarkably indistinct. The frequency distribution of progestin effect on gene expression was almost identical in cells with PRA predominance compared with cells expressing close to equivalent PRA and PRB, demonstrating that PRA did not act as a dominant inhibitor of PR activity. Furthermore, the profile of progestin regulation in the clonally independent T-47DE3 cells expressing close to equivalent PRA and PRB compared with that of T-47DN5 cells induced to express PRA at a 5-fold excess over PRB was also highly concordant. These observations contrast with observations made using transient transfections. When the two isoforms are transfected separately, PRB is a stronger transcriptional activator than PRA on most transfected progestin response elementcontaining reporters. Furthermore, on complex progestin response element-containing reporters PRA is a particularly weak transactivator compared with PRB (27, 46) and is a dominant inhibitor of PRB when the two isoforms are cotransfected (3, 4) . This study demonstrates that in cells with endogenous levels of PRA and PRB that are consistent with those seen physiologically, the transcriptional response to PRA predominance is different to that in cells where PRA is transiently expressed, probably because of the higher levels of expressed proteins obtained after transient, as opposed to stable, transfection of an inducible transgene. The fact that T-47D cells endogenously express PR and therefore contain intact progestin response pathways is also important, as cells which are normally PR negative, as are commonly used for transient transfections, are unlikely to be as competent as normally responsive target cells to mount full responses to progestins.
When response to progestin at 6 h was compared between the three cell lines (uninduced and induced), using cluster analysis, transcriptional regulation was less related to PRA:PRB ratio than with the level of PR. The relationship between PR level and response to progestin in vivo is not known; however, when the findings of this study are compared with the in vivo situation, it needs to be noted that T-47D cells have relatively high PR expression. It is possible that the relationship between PR levels and progestin-mediated gene expression may be different in cells with lower endogenous levels of PR. However, the result of cluster analysis suggested that the experimental paradigm was sensitive enough to detect changes in transcriptional response that were related to PR level. Moreover, this study design was clearly suitable to examine whether PRA predominance resulted in inhibition of progestin-mediated gene expression, which it did not.
Prolonged exposure to progestin resulted in a 6-fold increase in the number of progestin-regulated genes when compared with short exposure. This study has also revealed a shift in the functional groups responsive to progestin between 6 h and 48 h. Whereas genes regulating transcription and cell cycle progression dominated the list of regulated genes at 6 h, at 48 h there were relatively more genes involved in cell metabolism and maintenance of cell shape and adhesion. The shift in functional groups responsive to progestin suggests that cellular response to progestin is remodeled over time. This is also supported by the lack of overlap between genes regulated at 6 h and 48 h, showing that the early response to progestin was transient and followed by the response of different populations of genes at later times. Progestin-responsive genes could be directly or indirectly regulated at the transcriptional level, although published evidence to date suggests that a large proportion of progestinregulated genes are indirect targets (1) . The relatively low number of regulated genes at 6 h, and the acquisition of progestin responsiveness at 48 h of large numbers of genes, supports the view that many of these genes, although transcriptionally regulated by progestins, are likely to be indirect targets.
Predominance of PRA did not dramatically alter the pattern of progestin-regulated gene expression at 48 h, in line with the findings at 6 h. At 48 h, 73% of all progestin-regulated genes at 48 h were not differently regulated between low and high PRA:PRB ratio. The demonstration that both at 6 h and 48 h progestinregulated genes are largely unaffected by changes in PRA:PRB ratio is in line with the fact that most tissues normally express both PR isoforms in the same cell, and there is evidence that the PRA:PRB heterodimer is essential for normal physiology (14, 15, 19) . Our data suggest that the majority of progestin targets are optimally regulated by the PRA:PRB heterodimer. Richer et al. (10) reported largely nonoverlapping gene regulation profiles when exclusively PRA or PRB is expressed in PR-negative T-47D cells. Interestingly, of 66 genes reported to be progestin regulated by one PR isoform in that study and also detected on our arrays, we found that only 23 (23/66; 35%) were progestin regulated when both PRA and PRB were expressed. In a related study, Jacobsen et al. (34) reported specific isoform differences when PRA and PRB were separately inducibly expressed in PR-negative parent cells. Although mostly examining ligandindependent effects, that study did find that ligand regulation largely confirmed the findings of Richer et al. Furthermore, of the 79 reported progestin-regulated genes in that study, only 18 of 45 genes (40%) that were detected on our arrays were also regulated in cells containing both PRA and PRB. This supports the possibility that PRA:PRB heterodimers, present in the cells in this study, have different transcriptional activities than the homodimers, which are likely to be the predominant species in cells expressing only one PR protein. Although the proportion of PRA and PRB in heterodimers or homodimers was not quantitated in this study, there is in vitro evidence (47, 48) to infer that in cells with a PRA:PRB close to 1:1, half the total PR dimer pool is predicted to form heterodimers. Moreover, most PRB in cells with a 5-fold excess of PRA would be engaged in heterodimers, and a substantial number of PRA homodimers would also exist. Clearly, it must be acknowledged that this study and previous studies on cells expressing only one PR isoform have been carried out in distinct clonal populations of T-47D cells, with many potentially different biological characteristics. Therefore, further studies, preferably in a single-model system, will be required to fully dissect PRA and PRB hetero-and homodimer differences.
Induction of PRA, however, did affect the gene expression of a small proportion of genes, which had dramatically altered regulation when PRA was predominant. Most of these genes acquired responsiveness to progestins when the PRA:PRB ratio was high, as they were not progestin regulated in cells with low PRA:PRB ratio, and most were involved in cellular metabolism and regulation of cell shape and adhesion. This suggests that one consequence of PRA predominance, particularly on prolonged exposure to progestin, was the acquisition of progestin responsiveness by genes involved in regulation of cellular metabolism, cell shape, and adhesion, which are normally not progestin targets.
It is intriguing to speculate that early progestin signaling may itself ultimately invoke the functional differences seen at 48 h between cells expressing equivalent levels of PRA and PRB and those with PRA predominance. One gene target that was markedly up-regulated by progestins at 6 and 48 h in all cells and under all conditions was the transcription factor KLF4. This factor was also regulated by both PRA and PRB when the isoforms were expressed separately (10) . The KLFs are a large family of transcriptional regulators, including transcription factor Sp1, which regulate the activities of multiple target promoters and can be both growth stimulatory and inhibitory (49) . KLF4 is expressed predominantly in epithelial cells and intestinal villus and is an essential regulator of p53-mediated cell cycle arrest after DNA damage (50) . It is elevated in a proportion of breast cancers (51) , and nuclear localization is associated with a more aggressive phenotype (52) . Its role in progestin action has not been described; however, other Kruppel-like factors, including KLF9 and KLF13/KLF2, have been shown to selectively potentiate PRB transcriptional activity while at the same time increasing the inhibitory activity of PRA (53) . Therefore, progestins could up-regulate KLF family members to affect tissue-and promoter-specific transcriptional differences between PRA and PRB. KLF9 was shown to exert its effects through interactions with both PRA and PRB. This is consistent with other data suggesting that PRA and PRB have different affinities for specific transcriptional coregulators and, therefore, that the relative abundance of these factors can modulate their different activities (54) (55) (56) .
In line with the shift at 48 h to progestin responsiveness of genes involved in aspects of cell shape and adhesion, progestin treatment resulted in reduced cell adhesion, which was significantly decreased even further when PRA was predominant. Our previous observations, that PRA predominance promotes marked cell rounding, are in line with this (22) . This effect was not seen until 48-72 h after progestin treatment, in agreement with this study. A number of the genes that acquired responsiveness to progestin at 48 h in cells with PRA predominance were specifically involved with cell adhesion. The transmembrane proteoglycan syndecan-1 is involved in cell spreading and positively regulates the formation of cell-cell adhesions. It forms cell-matrix interactions with a range of extracellular substrates and transmits signals to the actin cytoskeleton (57). Syndecan-1 was decreased 2.23-fold by progestins at 48 h when PRA was overexpressed but was not regulated in cells expressing equivalent PRA and PRB (Fig. 7) . The secreted calcium-binding protein S100A8 is abundantly produced by neutrophils (58) and acts as a chemotactic agent and positive regulator of adhesion (59) . It is also overexpressed by skin cancers and down-regulated by glucocorticoids (60) . S100A8 was strongly up-regulated in wild-type cells by 48-h progestins, and this was markedly dampened by overexpression of PRA.
There was no difference in adhesion properties of untreated cells in which PRA:PRB ratio was increased, compared with untreated wild-type cells. This finding contrasts with the study of Jacobsen et al. (34) , which focuses on the differential effects of unliganded PRA and PRB. In that study, PRA and PRB regulated distinct sets of targets when the receptors were individually expressed, and a number of transcripts were identified that responded to the induction of PRA or PRB expression in a PR-negative T-47D cell clone, without the requirement for ligand. Moreover, induction of PRA expression caused cells to become more adhesive and to migrate more readily, in the absence of ligand, whereas induction of PRB expression had no effect on either parameter (34) . It is difficult to compare the data to the effects seen here, because the effect of hormone on adhesion and migration was not examined in that study (34) . However, given the lack of effect we observed on untreated cells in which PRA was predominant but PRB was also present, it is possible that PRB expression was still sufficient to oppose any unliganded effect on cell adhesion. Again, given the clonal differences between these cell lines and the other differences between this and the previous study, the data must be compared with caution.
The complete disruption of actin microfilaments and the cytoplasmic pooling of actin and ezrin in cells with high PRA:PRB ratio are likely to have been due to specific gene regulation. The solute carrier SLC9A3R1 has been characterized as ezrin-radixin-moesin-binding phosphoprotein 50, which is responsible for anchoring ezrin to the cell membrane (61, 62) . This transcript was unregulated by progestins when PRA and PRB were equivalently expressed. However, in cells with high PRA:PRB ratios, ezrin-radixin-moesin-binding phosphoprotein 50 expression was decreased by progestins. Through interactions with the actin filament system and association with the membrane-signaling molecule CD44, ezrin regulates cell morphology, adhesion, and migration (63) .
The pooling of ezrin and polymerized actin in cells with high PRA:PRB ratio highlighted the increased dynamic nature of actin microfilaments, particularly the cortical actin component. Two of the genes that acquired progestin responsiveness at 48 h in cells with high PRA:PRB ratio were vinculin and profilin2. Vinculin localizes to the cytoplasmic face of cell-cell and cell-matrix adhesions and is involved in anchoring actin microfilaments to the cell membrane. It acts in concert with the actin monomer-binding protein profilin 2 to regulate actin filament dynamics. Increased expression of profilin and vinculin is consistent with a loss of cell-cell and cell-matrix adhesions (64) . Both profilin and vinculin were up-regulated by progestins at 48 h only in cells that expressed a predominance of PRA. Interestingly, overexpression of PRA and PRB in receptor-negative cells, and treatment with progestin, results in a marked increase in actin stress fibers and associated paxillin-positive focal adhesions (Ref. 65 and our unpublished observations). This suggests that ectopic expression of PR in a nontarget cell line is not sufficient to reconstitute the cytoskeletal response observed in an authentic progestin target cell.
Consistent with the loss of ventral focal adhesions, the level of activated FAK was increased by progestin treatment both with low and high PRA:PRB ratio, but this was more marked when PRA:PRB was low. Furthermore, phosphorylation of Src-dependent sites on FAK was barely detectable in PRA-overexpressing cells, suggesting that FAK activation is substantially lower when PRA is predominant and the greatest cell rounding (22) is observed. Interestingly, however, FAK activation was not detectable until at least 24 h later than the loss of paxillin-positive focal adhesions was noted. FAK is required for the disassembly of mature focal adhesions (31) and is essential for normal focal adhesion turnover during cell spreading and migration (28) . FAK is particularly sensitive to changes in the extracellular environment that bring about altered integrin and growth factor signaling (29) . Therefore, it may be the case that focal adhesion disassembly occurs rapidly upon activation of FAK, and before sufficient accumulation of phospho-FAK to be detected by immunoblotting. Indeed this appears to be the case, because activated FAK was found to be present in focal complexes before detection on immunoblots (Fig. 7C) . Focal adhesions may also be dissolved by disrupting the actin microfilament scaffolding that they are anchoring on the inner face of the cell membrane. Therefore, it may be the case, in our cells, that progestin-mediated disruption of actin microfilaments, and associated ezrin and ezrin-binding proteins at the cell membrane, causes dissolution of focal adhesion. This disruption brings about altered focal adhesion dynamics and increased FAK activity in an attempt to restore cell adhesion. PRA-overexpressing cells are no longer able to effectively activate pathways to restore adhesion signaling and, as a result, become much more rounded and more poorly adherent than wildtype cells.
In conclusion, this study has shown that progestinregulated transcriptional targets are largely insensitive to changes in PRA:PRB ratio that mimic the ratios found in cancer, but importantly that PRA predominance resulted in the acquisition of progestin responsiveness of a small but important subgroup of specific gene targets, in signaling pathways that influence cell shape and adhesion. These findings have important implications for breast cancer biology because they suggest that progestin effects on cell shape and adhesion are dependent on the PRA:PRB balance. Given that PR expression is disrupted early in malignant progression, this disruption may contribute to tumor characteristics, particularly in premenopausal women exposed to cyclical progesterone. Our data suggest that PRA and PRB are remarkably complementary in their functional activities on most targets within the same cell, but that an imbalance of PRA and PRB levels results in remodeled progestin responsiveness, which may have important implications for breast cancer biology.
MATERIALS AND METHODS
Cell Culture
The T-47DhPRA cell lines containing the p3ЈSS vector, encoding the lac repressor and inducible pOP13-hPRA plasmid, have been described previously (22) . Three independent clones, in which different basal and induced levels of PRB and PRA were observed, were used in the work described here. They were designated T-47DhPRA B8, T-47DhPRA E3, and T-47DhPRA N5, and will be referred to here by their abbreviated names: T-47DB8, T-47DE3, and T-47DN5, respectively. Cells were grown in phenol red-free RPMI 1640 medium, supplemented with 10% fetal calf serum (FCS) (JRH Biosciences, Melbourne, Australia), insulin (0.25 U/ml), Hygromycin B (200 g/ml) and G418 (200 g/ml) (Invitrogen, Melbourne, Australia). Cells were maintained in exponential growth through regular passaging. For microarray experiments cells were seeded into 150 cm 2 flasks at 1 to 3 ϫ 10 6 (E3 and N5) or 5 ϫ 10 6 (B8) cells per flask in RPMI 1640 supplemented as described above, except that 5% FCS was used. The cells were treated 3 d later with either 10 mM isopropyl-␤-D-thiogalactopyranoside (to induce overexpression of PRA) or vehicle (PBS) and allowed to grow for 24 h before treatment with the synthetic progestin ORG2058 (10 nM, Amersham Biosciences, Castle Hill, Australia) or vehicle (ethanol). After the indicated times, the cells were harvested by trypsinization, and the suspension was aliquoted for extraction of total RNA and protein. For adhesion experiments, an aliquot of each cell suspension was taken to estimate cell number and cells were replated in triplicate at known cell densities, in their conditioned medium, and allowed to replate for 30 or 120 min. The monolayer was then washed with PBS, adherent cells were harvested by trypsinization, and total cell number was estimated by counting. In the above experiments, cells were deliberately not changed into medium containing FCS that had been charcoal treated because the endogenous levels of progestogenic compounds in FCS are known to be too low to have a detectable effect on cell growth or gene expression (66), whereas we have observed global changes arising from such a culture medium change that would mask or alter more sensitive measurements of progestin effects (data not shown).
Isolation of Total RNA
Total RNA was isolated by lysis of cell pellets in a guanidinium isothiocyanate solution and centrifugation through a cesium chloride cushion. The method used has been described elsewhere (67) . RNA yields were estimated by UV spectrophotometry, and integrity was confirmed by resolution on denaturing agarose gel electrophoresis.
cDNA Microarrays
Probes were prepared by indirect incorporation of cyanine dyes (Cy3 and Cy5) into 70 g total RNA. The protocol is described in http://brownlab.stanford.edu/protocols.html. Briefly, total RNA was reverse transcribed for 90 min at 42 C using Superscript II reverse transcriptase (Invitrogen) in the presence of 2-aminoallyl-dUTP, and subsequently coupled to Cy3 or Cy5 monoester dyes. After quenching and purification, matched control and ORG2058-treated, Cy3-and Cy5-labeled samples were mixed and competitively hybridized overnight to glass cDNA arrays. Hybridization was carried out at 42 C in buffer containing yeast tRNA (1 mg/ml), Cot1 DNA (0.08 mg/ml), polyadenylic acid (0.5 mg/ml), 2.8ϫ Denhardt's reagent, 3.125ϫ standard sodium citrate (SSC), 50% formamide, salmon testes DNA (1 mg/ml), 0.125% sodium dodecyl sulfate. The cDNA arrays were obtained from the Ramaciotti Centre for Gene Function Analysis and contained 6000 cDNAs, representing 5704 target sequences (ResGen-Invitrogen, Melbourne, Australia) plus positive and negative controls. Arrays were washed once with 1ϫ SSC, 0.2% sodium dodecyl sulfate (SDS), 5 min at room temperature, followed by washing 5 min in 0.1ϫ SSC, 0.2% SDS, warmed to 30 C, and two final washes in 0.1ϫ SSC, 2 min at room temperature. The arrays were dried and scanned using a
